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Abstract: Speckle patterns produced by coherent waves interfering with each other are un-
desirable in many imaging applications (for example, in laser projection systems) but on the
other hand, they contain useful information that can be exploited (for example, for blood flow
analysis or reconstruction of the object that generates the speckle). It is therefore important to
understand how speckle can be enhanced or reduced by tailoring the coherence of laser light.
Using a conventional semiconductor laser and a multimode optical fiber we study experimentally
how the speckle pattern depends on the laser pump current and on the image acquisition settings.
By varying the pump current from below to above the lasing threshold, and simultaneously tuning
the image exposure time to compensate for the change in brightness, we find conditions that
allow for recorded images with similar average intensity, but with speckle contrast (the standard
deviation of the intensity over the average intensity) as low as 0.16, or as high as 0.99.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Laser light is used for imaging techniques because it offers high brightness and beam directionality.
In particular, semiconductor lasers are very popular because they are efficient, inexpensive and
cover a wide range of wavelengths. However, when laser light with high spatial and temporal
coherence is transmitted through or reflected by an object that is rough on the scale of the
wavelength, scattered light interferes, which leads to a random distribution of light intensity,
known as speckle pattern [1], which can reduce resolution or make imaging impossible.
Therefore, in microscopy, in laser projection, and in other systems that use coherent light
sources, methods for speckle reduction or removal are employed, e.g. a rotating diffuser [2],
illumination from different angles, with different polarizations, or with various wavelengths [1].
Other approaches for speckle reduction consist of employing screens made of microlenses [3] or
utilizing the intermodal dispersion in long enough optical fibers [4–6].
Other applications use speckle to their advantage, e.g. for laser speckle contrast imaging
in blood flow analysis [7], for recognizing scatterers [8], for realizing compact [9,10] and
high-precision [11] spectrometers, for reconstructing the object from which speckle emerges
[12], for imaging through scattering media [13–15] or around corners [16,17].
Our work is motivated by the problem of speckle reduction in double pass (DP) ocular imaging
[18,19]. The DP technique offers an overall measurement of the optical quality of a patient’s
eye. It is based on determining the point spread function (PSF) of the eye by observing the
reflection of a light point projected onto the retina in order to draw conclusions on aberrations and
intraocular scattering. The ideal light source for this type of measurement should emit between
green (for smallest amount of retinal scattering) and near-infrared (for patient comfort) [20–22]
and should offer a highly directional beam that provides several tens of microwatts of power at the
corneal surface. As speckle contrast increases when the spectral width of the source decreases
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[1], to minimize speckle we seek to use a source with a relatively broad spectrum. In addition, it
should be of low cost. A superluminiscent diode meets the other requirements [19,23], but its
cost prevents its use in inexpensive DP instruments.
Alternative approaches for reducing speckle in DP imaging include the use of acoustic
modulation of laser beams [24] or the periodic variation of the vergence of a lens in the light
beam [25] (but these are not low cost solutions), or by mechanical means: employing a vibrating
mirror for scanning the beam [26] is a low cost solution, but introduces undesired mechanical
vibrations in the setup.
An all-optical approach for speckle reduction includes broadening the spectrum through optical
feedback [27]; however, the broadening is limited by the gain bandwidth of the semiconductor
material and is not sufficient to obtain a significant speckle reduction. Other approaches are based
on the introduction of a disordered material in the laser cavity to facilitate multiple scattering
[28], or the use of specially designed cavities [29,30] (see [31] for a recent review). The drawback
of these approaches for use in DP imaging systems is that they are not commercially available.
An alternative strategy that we examine here is the possibility of controlling the amount of
speckle produced by semiconductor laser light by tuning the laser pump current across the lasing
threshold.
Below the threshold the emitted light is mainly due to spontaneous emission and thus of
low coherence. When the pump current, Jp, is increased above the threshold, the emitted light
becomes coherent due to stimulated emission and the linewidth of the spectrum decreases. A
multimode fiber generates apparently random speckle patterns [29]. When a laser source is used
with a spectrum that contains a large number of narrow longitudinal modes, patterns with high
speckle contrast can be obtained [4,5]. Here we use a multimode semiconductor laser and a
multimode fiber to generate speckle patterns and analyze how the amount of speckle depends on
the laser current. Because below the threshold the intensity is very low, we also need to adjust the
exposure time, texp. Thus, we vary (Jp, texp) in the range of values that permit to record images
with sufficient intensity, but preventing overexposure.
Our goal is to find pairs (Jp, texp) that allow recording images with similar average intensity,
but with different amount of speckle.
2. Experimental setup
Figure 1(a) describes the experimental setup. We use a semiconductor laser (HL6750MG
Thorlabs, USA) with nominal wavelength λ = 685 nm, and threshold current of approximately
26.7 mA at 18.0 ◦C. Speckle is created by a step-index multimode fiber with a core diameter
of 200 µm (M72L02, Thorlabs) by interference of different guided modes [4,29]. We record
the intensity at the end of the fiber with a 8 bit CMOS camera (UI-1240SE-M, IDS, Germany).
The laser pump current, Jp, and the exposure time, texp, are control parameters that are varied
within the range of values that permit recording images whose brightness is not too low, nor
overexposed. A neutral density filter (NDF) used during all measurements ensures that the
shortest possible exposure time of the camera is sufficient to obtain non-overexposed images at
high pump currents.
The amount of speckle is quantified by the speckle contrast, C = σI/〈I〉, where σI is the
standard deviation of the intensity and 〈I〉 is the mean intensity. To minimize the influence of the
non-uniformity of the intensity distribution, we calculate C inside the circular central area of
radius 200 pixels, as shown in Fig. 1(b), which encloses approximately 125000 pixels with values
in the range [0-255]. In this way, we disregard the outer part of the image. We have verified that
the results are robust to the size of the area: a similar variation of C with the laser pump current
and with the camera exposure time was found when considering radius of 150 or 250 pixels. We
ensure that the size of the imaged speckle spots is larger than several camera pixels in order to
avoid pixel averaging [3].
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Fig. 1. (a) Experimental setup. NDF: neutral density filter of optical density 1.7. (b)
Example speckle image with the area where the speckle contrast is computed indicated with
a white circle.
3. Results
First we examine the optical spectra (measuredwith a 4 nm spectral resolution PR655 spectrometer,
Photoresearch, USA) of the laser when it is pumped at various pump currents from below to
above threshold, as shown in Fig. 2(a). Below threshold, the estimated linewidth (full width half
maximum) is about 19 nm (see inset). In Fig. 2(b) we show in color code the spectrum of the
laser (measured with an optical spectrum analyzer, MS9710C, Anritsu, Japan), as a function of
the pump current. We see that above the threshold several cavity modes turn on (yellow lines)
and the emission becomes nearly monomode at higher pump currents.
Fig. 2. (a) Optical spectra recorded at various pump currents (Jp = 15 mA, 25 mA, 35 mA,
45 mA), normalized to the maximum value. The spectra of 15 mA and 25 mA are almost
indistinguishable. The inset shows the relationship between pump current and linewidth (full
width half maximum). (b) Optical spectrum in color code vs. the pump current. The white
dots represent the speckle contrast, averaged over measurements performed with different
exposure times. The error bars indicate one standard deviation.
We recorded images of speckle patterns at pump currents from Jp = 16 mA (below the lasing
threshold) up to 44 mA (single-mode emission) using different exposure times for each pump
current value (for most pump currents, at least five images with different exposure times were
taken). The criterion used to determine the range of exposure times is the same for all pump
currents: we selected texp such that the images were neither overexposed (i.e. had no pixel with
the maximum digital value of 255), nor of very low brightness (we disregarded images where the
pixels within the circle had an average digital value < 10 in order to avoid quantization effects
and possible dominance of noise).
The white dots on top of the spectral map, Fig. 2(b), represent the mean speckle contrast,
〈C〉, averaged over the speckle contrast from images obtained with different exposure times, and
the error bars represent one standard deviation. We see that below Jp ≈ 24 mA 〈C〉 is small
(〈C〉 ≈ 0.16) and only slightly increases with the pump current. Between Jp ≈ 24 mA and 30 mA,
coinciding with the lasing threshold, 〈C〉 increases strongly, whereupon the increase flattens
and reaches a plateau of 〈C〉 ≈ 1 at 42 mA. The increase of C does not happen instantaneously
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when tuning the pump current from below to above threshold because first several modes start
lasing before the output changes to single-mode at around Jp ≈ 40 mA. The variation of the
speckle contrast for images taken with different exposure times (represented by the error bars
in Fig. 2(b)) is negligible at low and high pump currents. However, for an intermediate range
of pump currents (29 mA<Jp<40 mA), there is more variability (larger error bars), which we
attribute to the competition of the laser cavity modes, which create different realizations of
speckle patterns for the same pump current. The shape of the plot of C vs Jp in log-log scale
(not shown) is similar to the input-output characteristic of the laser, but does not show the same
saturation behavior at low pump currents, perhaps due to the limited sensitivity of the camera
Figure 3 shows the speckle contrast computed from all the individual images recorded, as a
function of the mean intensity of the image. In Fig. 3(a), the color indicates the value of the pump
current, in Fig. 3(b), the exposure time. The highest mean intensities correspond to low speckle
contrast values, i.e., relatively homogeneous patterns that originate from low coherence light at
pump currents under the lasing threshold, which are recorded with a relatively long exposure
times of the camera (texp = 5 − 60 ms). At lower mean intensities, a large range of speckle
contrasts can be achieved for a constant mean intensity by adjusting both the pump current and
the exposure time. The highest speckle contrast values (C ≈ 1) occur for 〈I〉<30.
Fig. 3. Speckle contrast as a function of the mean intensity (in digital levels) for the same
data as shown in Fig. 2(b). In (a), the color represents the corresponding pump current; in
(b), it shows the exposure time.
In Fig. 4, we present six example images recorded with different pump currents and exposure
times, and the corresponding intensity histograms, obtained from the pixel values within the
circle. In the first two lines, from top to bottom, the mean intensities of the speckle patterns lie
within ranges of 〈I〉 ∈ [40, 50] and 〈I〉 ∈ [50, 60], respectively. The speckle patterns recorded
with the laser current above the threshold (right column) use the full dynamic range of the camera
(8 bit, 256 digital gray values). Patterns with approximately the same mean intensity, but taken
with the pump current below the threshold (left column) and with much longer exposure times
are more homogeneous, i.e., have a narrower intensity histogram, and thus lower speckle contrast.
In the bottom line of Fig. 4, we present the speckle pattern with the highest mean intensity,
〈I〉 = 106 and that with highest speckle contrast, C = 0.99, obtained with a pump current of
Jp = 44 mA.
The two panels in Fig. 5 show the values of (Jp, texp) used for each speckle measurement. In
Fig. 5(a), the color of each point represents the mean intensity of the speckle pattern, while in
Fig. 5(b), the color represents the speckle contrast. We note that, in order to obtain well-exposed
images, texp needs to be decreased by three orders of magnitude (from texp = 60 ms to 0.03 ms)
when the pump current is increased from Jp = 16 mA to 44 mA. As it was shown in Fig. 3, the
highest mean intensities and the lowest speckle contrasts are achieved below the lasing threshold
with long exposure times.
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Fig. 4. Example images and histograms depicting the intensity distribution inside the areas
indicated by white circles. In the first two lines from top to bottom, we present images of
similar average intensities, within 〈I〉 ∈ [40, 50]), and 〈I〉 ∈ [50, 60], respectively, from low
(left column) and high pump current (right column), taken with different exposure times.
In the third line, the cases of highest mean intensity (〈I〉 ≈ 106, left column) and highest
speckle contrast (C = 0.99 and 〈I〉 ≈ 24, right column) are shown.
Fig. 5. Scatter plot of the exposure time and the pump current for all measurements. The
color code indicates (a) the mean intensity, (b) the speckle contrast.
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In Fig. 6, we show for two different intervals of mean intensities, corresponding to vertical
windows in Fig. 3(a), 〈I〉 ∈ [40, 50] (blue window) and 〈I〉 ∈ [50, 60] (red window), the plots of
texp vs. Jp. The color code indicates the speckle contrast and shows that different C values that
can be achieved by adjusting texp and Jp. The first four images shown in Fig. 4 correspond to the
lowest and highest pump currents in each of these plots.
Fig. 6. Exposure time vs pump current for images that have mean intensity in the range (a)
〈I〉 ∈ [40, 50] and (b) 〈I〉 ∈ [50, 60]. The color code indicates the speckle contrast.
4. Conclusions and discussion
We have studied experimentally how the speckle pattern at the output of a multimode fiber
depends on the laser pump current and on the image acquisition settings. We have obtained
images of speckle patterns with different amount of speckle (speckle contrast C ≈ 0.16− 0.99) by
tuning the pump current from below the lasing threshold to above the threshold, Jp = 16 mA to
44 mA, and we kept the average intensity of the images within an appropriate range of values (to
avoid too dark images or overexposed images) by adjusting the exposure time of the camera over
three orders of magnitude, from texp = 60 ms to 0.02 ms. We have observed a sharp increase in
the speckle contrast when the pump current is varied from below to above the threshold. This
observation is interesting for applications where speckle needs to be suppressed or enhanced. In
particular, if high intensity illumination is not required, or if long exposure times are possible,
lowering the pump current under the threshold can be a simple solution for adjusting the amount
of speckle.
For speckle reduction in DP imaging, a laser offering higher output power below threshold
would be needed. When the laser in our setup is pumped just below the threshold (Jp = 24 mA),
it produces an output of 80 microwatts. On the corneal plane, the maximum permissible exposure
is a few tens of microwatts, depending on the wavelength. However, due to the optics necessary
for improving the beam quality and guiding the light to the eye, only a small fraction of the power
from the laser diode will arrive at the eye. Images taken with low power require longer exposure
times, which reduces image quality because of unavoidable eye movements of patients.
In future work, it will be interesting to study, as a low-cost all-optical solution for speckle
reduction, the possibility of combining the effects of optical perturbations (such as optical feedback
that generates chaotic light) with a long multimode optical fiber. The use of optical feedback
alone results in a reduction of speckle [27]. Particularly promising is the so-called coherence
collapse regime, characterized by an abrupt increase of the line width [32,33]. Furthermore,
sending the chaotic beam through a long enough multimode fiber can produce a more significant
reduction, due to modal dispersion [4–6].
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